]wks) and cognitive functioning was formally assessed at age 5 years and 7 months (IQR 5.4-5.9y) using the Wechsler Preschool and Primary Scale of Intelligence. Structural connectivity maps were reconstructed from the DWI data using deterministic streamline tractography. Network metrics of global and local communication and mean fractional anisotropy of white matter pathways were related to IQ and processing speed at age 5 years using linear regression analyses.
Recent years have witnessed the widespread application of magnetic resonance imaging (MRI) in the neonatal brain after preterm birth to assess brain injury, evaluate brain development, and make predictions about neurodevelopmental outcome. So far it has remained difficult to accurately predict the full spectrum of neurodevelopmental deficits after preterm birth. Several imaging markers of cognitive and motor impairment have been proposed, including brain volumes and maturation of large white matter structures such as the corpus callosum and corticospinal tracts, in addition to white and grey matter injury scores. [1] [2] [3] [4] Although these metrics have been demonstrated to be reliable for prediction of moderate and severe impairments, they tend to lack accuracy in predicting mild cognitive delays and behavioural problems. Today, mild developmental deficits are as clinically relevant as more profound delays, because they constitute the majority of adverse neurodevelopmental sequelae in modern neonatal medicine and have myriad functional implications such as educational underachievement, attention deficits, impaired executive functioning, and socialization problems. 5 The limited predictability of mild cognitive impairments using imaging parameters proposed so far may be due to the integrative character of cognitive functioning. Cognition has been hypothesized to be the result of orchestrated information flow between neurons across white matter pathways, rather than of processes restricted to certain regions of the brain. This postulate has been corroborated by studies in adults that reported on the relationship between global brain network organization and intellectual performance. 6, 7 Employing network science, a direct relationship was demonstrated between characteristic path length as a measure of brain network efficiency and intelligence in both structural and functional brain network analyses, indicating that higher efficiency of global information transfer corresponds with higher intelligence. [6] [7] [8] In infants born preterm, white matter connectivity between the thalamus and the entire cortical mantle as measured at term-equivalent age (TEA) has been associated with cognitive outcome scores at age 2 years. 9 Investigating structural connectivity in the preterm brain in relation to childhood cognitive performance may help identify valuable imaging markers for long-term cognitive outcome prognostication.
In the present study we investigated the putative link between structural organization of the white matter at TEA and cognitive functioning at early school age (median 5y 7mo) in a cohort of infants born very preterm. We hypothesized that white matter connectivity strength, reflected by global mean fractional anisotropy would be associated with cognitive achievement 5 years later. In addition, we postulated that associated global efficiency of the neonatal brain network would be related to measures of intelligence at age 5 years.
METHOD Study population
Thirty infants born very preterm (18 males, 12 females) born at less than 31 weeks of gestation at the Wilhelmina Children's Hospital, University Medical Center Utrecht, the Netherlands between January 2007 and March 2009 were included in this study. In total, 48 infants were eligible for inclusion. In these infants, diffusion-weighted magnetic resonance images had been acquired at TEA and evaluation of cognitive functioning had been performed at age 5 years 7 months. Diffusion-weighted imaging (DWI) data and/or atlas registration was of insufficient quality in 18 infants (see 'Image processing'), resulting in a final sample of 30 infants. Infants born preterm selected for this study were part of either one of two prospective cohort studies conducted in the Neonatal Intensive Care Unit during that period. 4, 10 Exclusion criteria for participation in these studies were the presence of congenital anomalies, inborn errors of metabolism, and/or congenital infections of the central nervous system. The Institutional Review Board of the University Medical Center Utrecht granted ethical permission for both study protocols. Written informed consent was obtained from the parents. Clinical characteristics of the study population are outlined in Table I .
MRI data acquisition
MR investigations were performed on a 3 tesla magnetic resonance system (Philips Healthcare, Best, the Netherlands) using an eight-channel sense head coil. Infants were sedated with 50 to 60 mg/kg oral chloralhydrate before scanning. Infants were placed in a vacuum fixation pillow and earmuffs (Natus Medical Inc. San Carlos, CA, USA) were applied for hearing protection. Heart rate, transcutaneous oxygen saturation, and respiration rate were continuously monitored and a neonatologist was present throughout the examination. During the study period, the following T1-and T2-weighted imaging sequences were acquired: axial 3D T1-weighted image (TR=9.4ms; TE=4.6ms; voxel size 0.9490.9492.0mm; no gap), coronal 3D T1-weighted image (TR=9.5ms; TE=4.6ms, voxel size 0.7890.9191.2mm; no gap), axial T2-weighted image (TR=6293ms; TE=120ms; voxel size 0.5490.6192.0mm; no gap), and coronal T2-weighted image (TR=4847ms; TE=150ms; voxel size 0.7890.8991.2mm; no gap). T2 and T1-weighted images were used to evaluate focal brain injury. DWI included 32 weighted diffusion scans (b=800s/ mm 2 ) and one non-weighted scan (b=0s/mm 2 ); single shot echo planar imaging with 50 near-axial slices covering the entire brain (TR=5736ms; TE=70ms; field of view 1809146mm; acquisition matrix 1289102mm; voxel size 1.491.492.0mm; no gap; total scan duration 4:33min).
Image processing
Processing of the DWI data was performed using ExploreDTI (Leemans, Utrecht, the Netherlands) as described in Kersbergen et al. 10 and included the following steps: DWI images were corrected for eddy-current distortions and small head movements. For each voxel, the diffusion tensor was estimated using the reweighted linear least squares method after excluding outliers with a robust fitting approach (REKINDLE). 11 Data quality was visually inspected and data sets were excluded in case five or more volumes (i.e. diffusion directions) had motion artefacts. An automated neonatal atlas 12 was registered to the fractional anisotropy-maps of the DWI data using affine and elastic 33 What this paper adds
• Neonatal white matter maturation is related to Performance IQ at school age.
• Neonatal brain connectivity represents a valuable predictor for long-term cognitive outcome.
registration (Elastix). 13 This neonatal atlas was previously applied to the developing preterm brain to study white matter maturation 10 and the architecture of the neonatal brain network.
14 A detailed description of the anatomical neonatal template including illustrations of the regions and an Open Access copy of the template is presented by Oishi et al. 12 Adequate registration of the neonatal template to the DWI images was visually verified and resulted in a final sample of 30 good quality datasets.
Structural brain network reconstruction
Whole brain tractography was performed using deterministic streamline tractography with the following settings: fractional anisotropy threshold of 0.08; angle threshold of 45°; fibre length 20 to 200mm; and 2.0mm uniform seed point resolution throughout the brain. Next, the total set of reconstructed fibre streamlines was combined with the fractional anisotropy co-registered neonatal atlas in order to mathematically describe the infant's brain network as a graph, consisting of a set of nodes (i.e. brain regions of interest) connected by edges (i.e. fibre streamlines). For each infant, 56 regions of interest were defined (25 cortical regions per hemisphere, together with bilateral amygdala, hippocampus, and cerebellum) as predefined by the neonatal template. 12 Regions of interest were taken as nodes of the reconstructed neonatal network. Structural connectivity was assessed for each pair of brain regions (nodes) by determining whether streamlines (edges) were present interconnecting them. Connections were included when at least three streamlines were present between their nodes and connections comprising less than three streamlines were omitted in order to reduce the likelihood of false positives. 7, 8 The processing pipeline for neonatal connectome reconstruction is illustrated in Figure 1 .
Graph theory
After having reconstructed the neonatal connectome of each individual participant, we investigated its topological organization by calculating a number of graph metrics. 15 Graph metrics were computed based on fractional anisotropy-weighted networks and included white matter connectivity strength, clustering coefficient, and global efficiency. These metrics were selected because they were previously related to cognitive functioning [6] [7] [8] in adults and pre-adolescent children and because they reflect both the integrative capacity of the human brain network (i.e. connectivity strength and global efficiency) and local efficiency (clustering coefficient). For a detailed description of the graph metrics included in our study we refer the reader to the paper by Rubinov and Sporns. 15 
White matter connectivity strength
This provides information about the global level of connectivity of the network and was calculated as the average fractional anisotropy-value of all connections.
Global efficiency
This is computed as the harmonic mean of the inverse average shortest path length between all pairs of nodes in the network, with a weighted shortest path between two nodes computed as the minimization of the sum of weights (here taken as 1/fractional anisotropy) of edges that had to be passed to travel from one node within the network to another. Normalized global efficiency was computed as the ratio of each subject's global efficiency to the mean global efficiency of 1000 random networks. These random networks were obtained by randomizing the connections while keeping the number of connections and degree distribution intact.
Clustering coefficient
This is a metric of local connectedness and measures whether the neighbours of a given node are connected to each other, which would result in triangles of interconnected nodes. The clustering coefficient measures the ratio of the number of triangles a given node is involved in to the possible number of triangles. Here, we used the weighted clustering coefficient, defined as the average intensity of these triangles. Normalized clustering coefficient is computed as the ratio of clustering coefficient to the average clustering coefficient of a set of 1000 random networks with identical density and degree distribution.
Neurodevelopmental outcome assessment Intelligence
Children born preterm were included in the standard of care neurodevelopmental follow-up program at the Wilhelmina Children's Hospital spanning from infancy through early school age. 
Behavioural problems and post discharge history
The Child Behavior Checklist and Teacher Report Form were administered at age 5 years 7 months to evaluate behavioural and emotional problems. 17 These problems were defined as suspected internalizing or externalizing behavioural problems on either or both questionnaires (score p>0.97) and/or a psychiatric diagnosis of a behavioural disorder. Symptoms of internalizing behaviour include withdrawal, anxiety, somatic complaints, and/or emotional reactivity, whereas externalizing symptoms comprise aggressive behaviour and attention problems. Finally, post discharge history of neurological disease, the use of central nervous system medication, and psychological stress defined as parental death or divorce, domestic violence or abuse, and re-hospitalization longer than 1 day was collected based on retrospective chart review if recorded. The latter information was not systematically evaluated. Post discharge history, and details about cognitive performance and behaviour at age 5 years are presented in Table II .
Statistical analysis
Statistical analyses were undertaken in Matlab (MathWorks, Natick, MA, USA) and SPSS Statistics (IBM Corporation, Armonk, NY, USA). The relationship between graph metrics and intellectual functioning was assessed using linear regression analyses. First, a univariate regression analysis was computed for each metric. Second, multivariate linear regression analysis was performed, entering the level of maternal education as a covariate. This factor was classified as low, middle, or high according to the Dutch Central Bureau for Statistics classification, and is known to have a significant impact on cognitive achievement in infancy and early childhood. One could, however, argue that maternal education level may be considered a surrogate measure of genetic make-up, so that adjustment for its effect would result in overcorrection, masking a true effect of white matter organization on intelligence. We thus carried out the analyses both with and without maternal education level included in the model.
To control for the potential impact of brain injury, focal brain injury was assessed on the basis of T1 and T2 images, binarized and added to the linear regression model as a covariate. Three of the 30 infants showed focal brain lesions including periventricular haemorrhagic infarction (n=2) and unilateral cerebellar haemorrhages (n=1). Gestational age at birth has been related to white matter maturation and cognitive development, with lower gestational age being associated with reduced fractional anisotropy at TEA and lower cognitive scores. 9, 18 The impact of gestational age at birth on the postulated brain-behaviour relationship was therefore investigated by adding this factor to the linear regression model. In an additional, exploratory analysis network metrics were correlated with behavioural problems using logistic regression analysis.
The strength of the association between connectivity strength and cognitive outcome parameters was reported in terms of F-statistics with corresponding p-values. For the multivariable general linear models, T-statistics and corresponding p-values of graph metrics were reported. Twotailed p-values lower than 0.05 were considered statistically significant.
RESULTS
Median gestational age of the study population was 27.5 weeks (interquartile range [IQR] 25.5-29.5wks) and 18 infants (60%) were male (Table I) . Median Full-scale IQ was 99 (IQR 78-120). Thirteen children (43%) exhibited behavioural problems defined as a psychiatric diagnosis of a behavioural disorder and/or suspected internalizing or externalizing behavioural problems based on the Child Behavior Checklist and Teacher Report Form (p>0.97). One child was diagnosed with attention-deficit-hyperactivity disorder and another child was referred to a child psychiatrist because of a suspected pervasive developmental disorder. None of the children developed cerebral palsy (Table II) .
White matter connectivity strength (global mean fractional anisotropy) of the neonatal brain was significantly related to Performance IQ (F=8.48, degrees of freedom [df] 28, p=0.007, Fig. 2 Network metrics were not significantly associated with Verbal IQ or processing speed. Exploratory analysis of brain network metrics in relation to behavioural problems, comprising internalizing and externalizing symptoms, revealed no significant associations.
DISCUSSION
This study provides evidence that overall white matter connectivity strength in the neonatal brain is related to childhood cognitive functioning after very preterm birth. Measuring global mean fractional anisotropy in all major white matter pathways in 30 infants born very preterm, as assessed by means of 3T DWI at TEA and combining these measurements with information about cognitive functioning at early school age, revealed neonatal white matter connectivity strength to be significantly associated with Performance IQ at age 5 years. Graph metrics measuring overall communication capacity (i.e. global efficiency) and segregation of the brain network (i.e. clustering) were also significantly related to Performance IQ, while their normalized counterparts did not show a significant association with measures of intelligence at school age. The latter finding points toward overall white matter integrity -here measured as fractional anisotropy -being the major contributor to the observed relationship. Together, these results indicate that global maturation of the white matter may play an integral role in childhood cognitive functioning.
Our observations are in line with a growing literature of DWI studies in infants born preterm focusing on the relationship between white matter microstructure in the neonatal period and neurodevelopmental outcome. Numerous studies performed tract-based spatial statistics, manual region-of-interest placement in specific large white matter structures including the corpus callosum and corticospinal tracts or tractography thereof, and related their measurements to cognitive and motor functioning in infancy and childhood. 2, 4, 9 Employing these measurements, fractional anisotropy in the corpus callosum and corticospinal tracts have been consistently related to cognitive and motor performance in infancy and early childhood (i.e. 18-24mo corrected age). 2, 4 In addition, a recent study demonstrated structural thalamocortical connectivity across the entire brain to be related to cognitive outcome at age 2 years in preterm born children. A model including gestational age at birth, socio-economic status, and thalamocortical connectivity at TEA explained nearly 40 per cent of the variance in cognitive scores. 9 In our study, maternal education as a surrogate for socio-economic status added 2 per cent to the variance in Performance IQ explained by white matter connectivity strength of cortico-cortical connections. Gestational age was not related to mean fractional anisotropy or cognitive functioning at school age.
Recent reports in school-age children revealed fractional anisotropy in the corpus callosum and fractional anisotropy-weighted global efficiency of the entire brain network to be related to measures of intelligence and mathematical skills in both healthy children born at term and preterm. 8, 19, 20 The latter connectivity measure reflects how well the white matter framework is able to support global information transfer across different sites of the brain. These studies had a cross-sectional design, measuring both DWI and cognitive measures in childhood. Our study now adds to the discussion about how white matter maturation in the neonatal brain may help predict cognitive functioning later in life by showing an association between global white matter connectivity strength at TEA and cognitive performance at school age, a relationship that thus appears to be sustainable.
The notion that white matter connectivity was related to Performance IQ, while such association was not observed with Verbal IQ or behavioural problems, may be attributed to the small sample size. Alternatively, these differences may reflect biologically meaningful dimorphism. Performance IQ has been associated with efficiently orchestrated information flow across the brain while verbal functioning may be restricted to specific brain regions. 21 In support of this postulate, white matter disorders in both children and adults have been related to diminished cognitive performance and executive functioning deficits, while language remains relatively intact. 22, 23 Similarly, behavioural correlates may originate in specific structures as well. 24 Clinical implications of the present findings are twofold. First, neonatal white matter connectivity strength may be of interest for cognitive outcome prognostication after preterm birth, which may be particularly relevant for the milder spectrum of impairments, including low average IQ to borderline intellectual functioning, and educational difficulties. Mild cognitive delays are notoriously difficult to predict. Here we provide evidence that mean fractional anisotropy, reflecting whole-brain white matter connectivity strength, is related to cognitive achievement at school age. Accordingly, this key feature may serve as a valuable marker to identify infants born preterm at risk of mild cognitive deficits and educational underachievement.
Second, our findings emphasize the importance of early intervention strategies aimed at protecting the developing preterm brain from detrimental effects on neurodevelopment as a consequence of being born preterm. Stem cell treatment, erythropoietin, magnesium sulfate, and nutritional interventions, such as probiotics and lactoferrin, constitute promising candidates. 25, 26 Given the notion that crucial processes of brain network formation take place before 32 weeks postmenstrual age 5, 27 and that global white matter maturation by TEA is related to cognitive performance, it is likely that a critical window of opportunity for neuroprotective intervention exists even earlier. 28 Elaborating on this postulate, it would be of particular interest to replicate the present findings in the neonatal brain network at an even earlier stage of brain development. Meanwhile, white matter connectivity analysis of the preterm brain around TEA may serve as a valuable surrogate endpoint for evaluation of neuroprotective therapies.
Furthermore, longitudinal studies evaluating the relationship between the brain's structural white matter organization and cognitive functioning, and how this relationship is modulated by epigenetic and environmental influences through the course of development, would also be particularly relevant to expand our understanding of how the brain's microstructural organization supports function.
Finally, we believe that the putative impact of white matter injury on the brain-behaviour relationship as observed in our study deserves further attention. White matter injury was limited in the present cohort (Table I ), yet is well known to have detrimental effects on white matter maturation and subsequent neurodevelopment. 5 Perinatal conditions, including inflammation, malnutrition, and respiratory disease, may also have impacted on white matter development in the absence of macroscopic white matter lesions.
5,25,28

Study limitations
Several limitations need to be taken into account when interpreting the results of the present study. First, the sample size was small because of the limited availability of good quality DWI data at TEA and the design of the standard-of-care follow-up program in which intellectual performance was evaluated at age 5 years only if children born preterm were born at less than 28 weeks gestational age, or if clinically indicated. Therefore, we focused on a small number of network metrics measured in fractional anisotropy-weighted connectome maps including global mean fractional anisotropy as a representation of white matter microstructural maturation and measures of global and local communication capacity. These measures were selected because they were previously related to cognition in late infancy, childhood, and adulthood. 4, [6] [7] [8] Our study was underpowered to detect the full impact of potential confounders and mediators, including brain injury, sex, gestational age, maternal education level, and post-discharge injurious events. Extending the present analyses to a larger sample would thus be relevant for future studies. In order to obtain representative estimates (at a power of 0.8) of the relationship between neonatal brain network organization and childhood cognitive functioning in children born very preterm, while accounting for relevant variables one would require a sample size of approximately 150 children (based on power calculation using G*Power [Heinrich Heine University, Dusseldorf, Germany]). In addition, corroborating our findings in a sample of healthy infants born at term would be valuable to elaborate our understanding of this brain-behaviour relationship in the typically developing brain.
Second, the use of various atlases across different studies may limit the interpretation of findings. Here, we employed the neonatal template provided by Oishi et al. 12 We refer the reader to the review by Keunen et al. for a discussion of this issue. 27 A third limitation is that scan time of the neonatal MRI procedure was limited. A DWI protocol was used that included 32 non-collinear directions of DWI and a single b-value of 800s 2 /mm, which imparted limitations on the streamline tractography and did not allow accurate reconstruction of complex fibre orientations. 29 Nevertheless, neonatal connectome organization derived from DWI data obtained using the same DWI protocol was found to exhibit large overlap with the adult structural connectome in an earlier study.
14 Furthermore, studies making use of a variety of imaging modalities and diffusion models have demonstrated attributes of brain network organization with a high degree of consistency over cohorts and species. 30, 31 Future research should consider employing DWI protocols with multiple shells including high b-values in order to account for complex fibre orientations, given that available timeslots and the infant's comfort during the MRI session allow such protocols. 32 In conclusion, our study shows that connectivity strength of the neonatal structural brain network is associated with cognitive capacities at early school age in children born very preterm. This result provides evidence for a fundamental relationship between white matter organization and long-term cognitive achievement and strengthens the view that the level of white matter maturation at term age may serve as a valuable predictor for long-term cognitive outcome.
